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This  is  a  final  report  on  the  research  carried  out  at  Princeton  University 
under  the  Air  Force  Office  of  Scientific  Research  Contract  No.  85-0204.  This 
research  program,  started  in  the  summer  of  1985,  was  designed  to  investigate  sys¬ 
tematically  the  interaction  of  submillimeter  electromagnetic  radiation  with  the 
charge  carriers  in  semiconductor  superlattices,  built  with  GaAs/AlxGai_xA5  and 
InxGaj_jjAs/InP  heterojunction  thin-film  structures.  The  emphasis  at  the  start 
was  on  the  physics  of  the  electronic  processes  in  such  quantum  structures  and  our 
initial  effort  was  focussed  in  two  directions.  One  is  in  superlattice  materials  and 
the  other  in  submillimeter  wave  spectroscopy,  though  the  long  range  goal  is  the 
merging  of  the  two  when  sufficiently  high  quality  superlattices  can  be  built  for 
specific  device  applications,  in  our  case,  the  application  of  such  truly  synthetic 
electronic  materials  for  the  generation  and  amplification  of  submillimeter  waves. 
In  Sec.  n,  the  accomplishments  in  both  directions  are  briefly  summarized  and  a 
list  is  given  of  the  publications  of  work  supported  by  the  contract.  Sec.  Ill  is  a 
more  detailed  description  of  our  systematic  investigation  of  transport  through 
InGaAs-InP  superlattices  grown  by  Chemical  Beam  Epitaxy.  These  unpublished 
results  are  an  up-to-date  evaluation  of  the  material  quality  of  this  superlattice 
system  synthesized  by  using  the  most  current  materials  technology. 
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n.  Summary  of  Accomplishments 


n.l.  Superlattice  materials 

GaAs/AlxGai_xAs  has  been  the  most  widely  used  material  system  for  hetero- 
junction  superlattice  structures.  However,  AljjGai_xAs  is  usually  poor  in  crystal¬ 
line  quality  and  its  optimum  growth  temperature  is  considerably  different  from 
that  of  GaAs.  In  the  case  of  single  interface  and  conventional  multiple  quantum 
well  structures,  where  quantum  confinement  of  electrons  in  the  GaAs  well  is  of 
prime  interest,  the  material  quality  of  the  AlxGai_jtA3  barriers  is  not  essential.  In 
our  case,  electron  propagation  through  the  barriers  is  essential  to  a  truly  electronic 
superlattice  structure  and  the  material  quality  of  the  barrier  is  just  as  important 
as  that  of  the  well.  Consequently,  we  put  a  great  deal  of  effort  on  characterizing 
and  understanding  the  electrical  properties  of  the  alternative  Iiiq  53030  47As/InP 
system,  in  which  there  is  no  obvious  limit  on  the  material  quality  of  the  InP  bar¬ 
rier  material.  We  started  this  effort  in  collaboration  with  Dr.  W.T.  Tsang  of 
AT&T  Bell  Laboratories,  who  was  to  develop  a  new  chemical  beam  epitaxy  (CBE) 
system  for  Ino53Gao  47As/InP,  and  have,  through  this  collaboration,  made  the  fol¬ 


lowing  accomplishments: 

(a)  High  2DEG  mobility  single  quantum  well  structure  of  InGaAsfInP  — 
Confinement  of  a  two-dimensional  electron  gas  (2DEG)  in  a  single  quantum  well  ^ 
(SQW)  with  two  interfaces,  though  conceptually  simple,  has  been  a  difficult  exper¬ 
imental  problem.  In  the  case  of  the  GaAs/AlxGai_,{As  heterostructure,  the  so- 
called  "inverted  HEMT"  problem  of  the  two  interfaces  causes  strong  asymmetry  in 
confinement  and  serious  deterioration  of  the  2DEG  mobility.  By  utilizing  the  i 
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integer  quantum  Hall  effect  and  the  submillimeter  wave  cyclotron  resonance  as 
microscopic  tools  for  the  2DEG  and  studying  their  changes  with  the  different 
growth  parameters,  we  have  overcome  such  growth  problems  in  the 
Ing  ssGeq  47As/InP  system  and  achieved  confinement  of  2DEG  in  a  SQW  with 
mobility  now  in  the  range  of  10®cm^/Vsec  (Publication  1). 

(b)  Double  barrier  resonant  tunneling  structures  (DBRT)  —  DBRTS,  the  simplest 
of  heterostructures  for  exploring  the  basic  physics  in  superlattices,  have  been 
widely  studied  using  the  GaAs/AIxGai_,jAs  system  and  one  long-standing  problem 
is  the  asymmetry  in  I-V  with  respect  to  bias  polarity.  We  have  succeeded  in  the 
fabrication  of  DBRTS  using  InGaAs/InP  and  the  observation  of  symmetric  I-V. 
This  is  of  considerable  interest  in  that  the  structure  can  now  be  made  on  a  1.6/xm 
wavelength  optoelectronic  material;  but  for  us,  it  is  an  accomplishment  indicating 
that  the  quality  of  the  thin  films,  and  especially  the  heterointerfaces,  is  sufficiently 
high  for  the  manufacture  and  the  investigation  of  the  electronic  properties  of 
superlattices  (Publication  2). 

(c)  High  field  transport  in  InGoAsflnP  superlattices  —  We  have  grown  superlat¬ 
tices  of  Ing  saGa^)  47As/InP  and  studied  their  transport  properties.  The  I-V  charac¬ 
teristics  beyond  the  initial  ohmic  regime  show  two  series  of  sharp  negative 
differential  resistances  (NDR’s).  They  result  from  breakdown  of  the  miniband 
conduction  in  the  perpendicular  direction  in  the  presence  of  high  electric  fields  and 
are  a  consequence  of  resonant  tunneling  between  quantum  levels  in  neighboring 
wells.  The  first  series  is  due  to  tunneling  from  the  ground  to  the  first  excited  and 
the  second  series  from  the  ground  to  the  second  excited  levels  in  the  neighboring 
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wells.  The  differential  NDR’s  in  each  series  are  manifestations  of  an  expanding 
high  electric  field  domain  through  the  entire  sample.  While  the  phenomenon  is  of 
fundamental  importance  to  the  understanding  of  electronic  processes  in  a  high 
electric  field  regime  not  encountered  in  bulk  materials,  more  important  to  the  goal 
of  this  research  program  is  the  indication  that,  in  this  high  field  limit,  radiative 
decay  may  be  a  dominant  channel  for  energy  relaxation  and  that  the  structure 
may  in  fact  be  an  efficient  source  for  submillimeter  wave  radiation  (Publication  4). 

n.2.  Submillimeter  wave  spectroscopy 

Our  effort  on  spectroscopy  was,  except  for  a  short  excursion  to  high  super¬ 
conductors,  focussed  on  the  problem  of  magneto- absorption  by  the  2DEG  in 
GaAs/AlxGaj_xAs  single  interface  heterostructures.  We  have  concentrated  on  the 
low  density  (ng)  and  high  mobility  limit,  where  impurity  effect  is  sufficiently 
reduced  and  electron-electron  interactions  are  expected  to  be  important,  and  made 
three  contributions: 

(a)  We  have  observed  cyclotron  resonance  (CR)  in  the  extreme  quantum  limit 
when  the  Landau  level  filling  factor  i/^  0.08  and  studied  i/  dependence  of 
the  resonance  line  width  (F).  We  found  that  the  scattering  time  (tcr) 
deduced  from  F  is  ~10  times  longer  than  that  from  dc  transport  and  Tqr 
~  Scattering  is  still  dominated  by  impurities  in  GaAs  and  the  observed 
ng  dependence  of  Tqr  must  result  from  screening  of  the  impurities  by  the 
2DEG.  Detailed  account  of  this  work  is  in  publication  6. 

(b)  We  also  studied  the  T  dependence  of  CR  from  4.2  to  1.2K  and  observed  a 
linear  decrease  of  F  with  T  together  with  a  shift  of  the  resonance  towards  a 
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lower  magnet  field. 

(c)  We  have  studied  the  effect  of  submillimeter  wave  on  the  magneto-transport 
of  the  2DEG  and  identified  their  contributions  to  the  observed  photo¬ 
response:  lattice  heating,  nonresonant  electron  heating,  and  electron  heating 
by  resonant  absorption  (Publication  8). 

n.3.  Publications  of  work  supported  by  contract 

1.  Michel  Frei,  D.C.  Tsui  and  W.T.  Tsang,  "Electronic  properties  of 
InGaAs/InP  single  quantum  wells  growth  by  chemical  beam  epitaxy,"  Appl. 
Phys.  Lett.  50,  609  (1987). 

2.  T.H.H.  Vuong,  D.C.  Tsui  and  W.T.  Tsang,  "Tunneling  in  InGaAs-InP 
double-barrier  structures,"  Appl.  Phys.  Lett.  50,  212  (1987). 

3.  T.H.H.  Vuong,  D.C.  Tsui  and  W.T.  Tsang,  "Dependence  of  the  conduction 
in  InGaAs/InP  double-barrier  tunneling  structures  on  the  mesa-etching  pro¬ 
cess,"  Appl.  Phys.  Lett.  50,  1004  (1987). 

4.  T.H.H.  Vuong,  D.C.  Tsui  and  W.T.  Tsang,  "High  field  transport  in  an 
InGaAs/InP  superlattice  grown  by  chemical  beam  epitaxy,"  Appl.  Phys. 
Lett.  52,  981  (1988). 

5.  T.H.H.  Vuong,  D.C.  Tsui  and  W.T.  Tsang,  "Resonant  tunneling  in 
InGaAs/InP  double-barrier  structures  and  superlattices,"  Superlattices  and 
Microstructures  4,  207  (1988). 

6.  M.J.  Chou,  D.C.  Tsui  and  G.  Weimann,  "Cyclotron  resonance  high-mobility 
2D  electrons  at  extremely  low  densities,"  Phys.  Rev.  B  37,  848  (1988). 
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7.  M.J.  Chou,  D.C.  Tsui  and  G.  Weimann,  "Cyclotron  resonance  in  the 
extreme  quantum  limit,"  Surf.  Sci.  196,  279  (1988). 

8.  M.J.  Chou,  D.C.  Tsui  and  A.Y.  Cho,  "FIR  photoconductivity  in  the  integral 
quantum  Hall  regime  in  GaAs/AlGaAs,”  Proc.  18th  Inti.  Conf,  on  Phys.  of 
Semiconductors,  1986,  ed.  by  O.  Engstrom,  p.  437. 

9.  T.H.H.  Vuong,  D.C.  Tsui,  V.J.  Goldman,  P.H.  Hor,  R.L.  Meng,  and  C.W. 
Chu,  "Far-infrared  transmission  spectra  of  high  T^  superconductors,"  Solid 
State  Commun.  63,  525  (1987). 

10.  S.  Prasad,  H.P.  Wei,  D.C.  Tsui,  W.  Schlapp  and  G.  Weimann,  “Transport 
and  Persistent  Photoconductivity  in  Atomic  Planar  Doped  GaAs-AlAs/GaAs 
Heterostructures,”  J.  Appl.  Phys.  63,  1793  (1988). 
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in.  Transport  Through  InGaAs-InP  Superlattices* 

Recent  advances  in  the  growth  of  superlattices  (SL’s)  have  spurred  many 
experimental  studies  on  their  transport  properties,  and  on  their  application  to 
novel  devices.  We  have  studied  the  perpendicular  transport  in  superlattices  of  the 
InGaAs-InP  system,  partly  because  of  the  possibility  of  using  these  devices  as  pho¬ 
todetectors.  Although  the  InGaAs-InP  system  is  an  important  one  in  optoelec¬ 
tronics,  it  has  been  much  less  studied  than  the  GaAs-AlGaAs  system,  especially 
for  the  perpendicular  transport  in  its  heterostructures.  To  our  knowledge,  this  is 
the  first  study  of  the  perpendicular  transport  in  a  SL  of  this  system.  One  reason 
for  the  relative  lack  of  work  in  the  InGaAs-InP  system  is  that  the  growth  pro¬ 
cedure  for  this  system  is  not  as  well  established  as  for  the  GaAs-AlGaAs  system 
[l].  We  observed  several  series  of  quasiperiodic  Negative  Differential  Resistances 
(NDR’s)  at  large  applied  electric  field.  Each  NDR  corresponds  to  a  specific  SL 
period  in  the  device.  The  observation  of  a  large  number  of  similar  and  quasi¬ 
periodic  NDR’s  demonstrates  the  high  quality  of  the  SL  structure.  In  addition, 
the  large  number  of  NDR’s  and  their  regularity  open  the  possibility  of  using  these 
devices  in  multiple  logic  circuits,  since  one  can  obtain  many  equally  spaced,  stable 
output  voltages  for  a  single  current  value.  Similar  effects  have  been  sought  in 
parabolic-well  structures  and  resonant  tunneling  transistors  [3].  We  have  also  stu¬ 
died  the  temperature  and  magnetic  field  dependence  of  the  perpendicular  tran¬ 
sport  in  these  InGaAs-InP  SL’s. 

This  study  shows  several  interesting  features.  One  of  these  is  the  formation 
of  a  high-field  domain  in  the  SL  structure  at  large  bias  voltage,  and  its  depen- 


dence  on  the  temperature  and  magnetic  field  applied.  The  conduction  in  the 
high-field  domain  region  is  by  sequential  tunneling  from  the  first  subband  of  one 
quantum  well  to  a  higher  subband  of  the  next  well.  The  regular  expansion  of  the 
high-field  domain  by  one  SL  period  at  a  time  gives  rise  to  the  series  of  NDR’s 
which  are  quasiperiodic  in  the  applied  bias.  The  period  is  observed  to  vary  with 
temperature  for  the  NDR  series  involving  tunneling  between  the  first  subband  and 
the  second,  but  is  invariant  for  the  tunneling  between  the  first  and  the  third  sub¬ 
band.  This  is  due  to  the  variation  of  the  width  of  the  first  subband  with  tem¬ 
perature  (4|.  When  a  strong  magnetic  field  is  applied  perpendicularly  to  the  direc¬ 
tion  of  the  tunneling  current,  the  NDR  series  disappear  due  to  the  strong  effect  of 
the  Lorentz  force  on  the  tunneling  probability.  Another  interesting  result  is  the 
possible  observation  of  miniband  conduction  in  a  small  fraction  of  the  carriers  at 
low  bias.  This  is  relevant  to  the  question  of  what  are  the  limits  on  the  superlat¬ 
tice  periods  for  observation  of  miniband  conduction,  which  is  being  actively  pur¬ 
sued  as  part  of  the  general  study  of  SL  transport  [5].  Some  preliminary  results  of 
this  work  have  been  reported  previously  (4j. 

ni.l  Experiment 

A  schematic  diagram  of  the  devices  used  is  shown  in  Fig.  1.  All  three  sam¬ 
ples  have  barrier  width  of  80A  .  The  well  widths  L,,,  are  180A  ,  300A  and  150A 
in  samples  A,  B,  and  C  respectively.  Each  superlattice  consists  of  50  periods  of 
nominally  undoped  InGaAs  wells,  and  unintentionally  doped  InP  barriers.  From 
measurements  on  a  similarly-grown  epitaxial  layer,  the  InP  layers  are  estimated  to 
have  a  donor  concentration  of  ~10^®cm'^.  To  make  the  device,  an  AuGeNiCr  dot 
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of  lOOf/m  diameter  was  deposited  on  the  cleaned  sample.  This  forms  the  top  con¬ 
tact  of  the  device.  The  sample  was  then  mesa-etched  down  to  the  second  doped 
contact  layer,  with  the  etch  depth  being  monitored  with  a  Dektak  machine.  For 
these  devices,  it  was  found  that  etching  with  the  BPK  mesa  etch,  which  is  a 
(1:1:1)  solution  of  HBr:H3P04:K2Cr207,  gave  good  characteristics.  The  problem 
with  surface  leakage  conduction  present  in  InGaAs-InP  Double-Barrier  structures 
etched  with  BPK  solution  [6]  did  not  appear  here.  This  is  probably  due  to  the 
fact  that  the  distance  between  the  two  contact  layers  is  fifty  times  greater  in  the 
SL  structures  than  in  the  double-barrier  structures.  Therefore,  the  conductance 
by  surface  leakage  between  the  two  contact  layers  should  be  decreased  by  a  factor 
of  at  least  fifty  in  the  SL  structure. 

After  the  mesa  etch,  the  sample  was  rinsed  in  dilute  HCl  to  remove  the  oxide 
layer  left  by  the  etchant.  A  second  layer  of  AuGeNiCr  was  then  deposited  to 
form  the  bottom  contact.  This  layer  covered  all  the  sample  except  for  a  circle  of 
200/um  diameter  which  is  concentric  with  the  top  contact  layer.  The  geometry  of 
the  contacts  ensures  that  the  applied  electric  field  is  perpendicular  to  the  plane  of 
the  layers  and  uniform  across  the  whole  mesa.  The  current  vs  voltage  (I-V)  meas¬ 
urements  were  made  using  two  pairs  of  leads,  one  at  each  contact,  to  eliminate  the 
leads’  resistance  from  the  results. 

ni.2.  Formation  of  a  High-field  Domain 

When  an  electric  field  is  applied  perpendicularly  to  the  plane  of  the  layers, 
the  I-V  characteristics  of  the  three  InGaAs-lnP  superlattices  studied  have  several 
qualitative  features  in  common.  These  features  are  illustrated  in  Fig.  2.  At  very 
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low  bias,  the  conduction  is  ohmic  and  symmetrical  for  the  two  bias  directions. 
Above  a  certain  critical  voltage,  which  differs  for  each  sample,  a  series  of  Negative 
Differential  Resistances  (NDR’s)  is  observed.  In  the  following,  we  shall  refer  to  the 
I-V  characteristics  of  these  two  bias  ranges  as  the  low-field  results  and  the  high- 
field  results.  This  division  is  not  arbitrary.  Experimentally,  it  was  observed  that 
the  I-V  curves  in  the  two  bias  ranges  depend  very  differently  on  temperature, 
magnetic  field,  and  the  sample  used. 

In  the  limit  of  a  small  applied  bias,  in  an  ideal  SL,  the  perpendicular  conduc¬ 
tion  is  via  the  superlattice  minibands,  and  is  metallic-like.  In  a  real  SL,  however, 
the  carriers  may  be  localized  by  phonon  or  impurity  scattering,  or  by  random 
potential  fluctuations,  such  as  caused  by  monolayer  fluctuations  at  the  interface, 
which  can  give  rise  to  an  Anderson-type  localization.  Quantitatively,  miniband 
conduction  is  destroyed  when  the  broadening  of  the  energy  levels,  wj,,  by  scatter¬ 
ing  and  by  potential  fluctuations  is  of  the  order  of  the  width  of  the  miniband,  Wj„, 
or  larger.  If  miniband  conduction  is  not  possible,  then  the  electrons  are  localized, 
and  conduction  occurs  by  sequential  tunneling  from  one  quantum  well  to  the  next. 

For  the  case  of  miniband  conduction,  at  low  bias  the  conduction  is  metallic 
and  therefore  the  I-V  curve  is  ohmic.  However,  as  the  applied  bias  voltage  Vj^g^  is 
increased,  the  carriers  are  localized  by  the  electric  field  to  within  a  distance 

4  =  Wm/{eVb,as/P)  (1) 

where  P  is  the  number  of  SL  periods,  and  Lp  is  the  length  of  each  period.  Lg  is 

usually  called  the  Stark  length.  When  Ls:^p,  i.e.,  when  the  potential  energy  drop 

across  each  SL  period,  eV^jas/P,  is  larger  than  the  Wj„  width  of  the  miniband,  the 
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carriers  are  field-localized  within  each  SL  period  (8).  Conduction  through  the  SL 
then  occurs  via  tunneling.  Consequently,  the  high-mobility  miniband  conduction 
ceases  for  eVijja5;^Nw^,  and  a  drop  In  the  current  is  expected. 

On  the  other  hand,  if  the  electrons  are  localized  even  at  low  bias  by  scatter¬ 
ing  or  by  potential  fluctuations,  low-field  conduction  is  by  sequential  tunneling. 
For  the  conduction  would  be  ohmic  (locV  to  lowest  order  of  V).  However, 

as  the  bias  voltage  is  increased,  when  it  is  no  longer  possible  for  elec¬ 

trons  to  tunnel  from  one  quantum  well  to  the  next  while  conserving  both  energy 
and  parallel  momentum.  Thus,  for  sequential  tunneling,  the  low-field  conduction 
ceases  for  eV(„as^W{,  with  Wj,>w^. 

Experimentally,  it  is  not  easy  to  distinguish  between  miniband  conduction 
and  sequential  tunneling  from  the  I-V  characteristics  at  low  bias  voltage.  Both 
conduction  mechanisms  are  expected  to  give  rise  to  ohmic  behavior  at  low  bias, 
followed  by  a  decrease  in  current  (i.e.,  an  NDR  structure)  at  some  critical  bias  vol¬ 
tage  Vj.  Therefore,  either  of  these  conduction  mechanisms  can  explain  qualita¬ 
tively  the  observed  low-field  behavior  of  the  three  samples  studied  (Fig.  2).  Quan¬ 
titatively,  we  note  that  the  value  of  the  bias  voltage  Vj  at  which  the  first  NDR 
occurs  is  30  mV  ±  10,  95  mV  ±  5,  and  50  mV  ±  5  for  samples  A,  B,  and  C 
respectively.  The  value  given  is  the  average  for  the  two  bias  directions.  If  mini¬ 
band  conduction  were  the  dominant  conduction  mechanism,  then  the  first  NDR 
should  occur  at  Vj,j3g=Pw^/e,  as  discussed  above.  Using  simple  Kronig-Penney 
type  calculations  to  calculate  the  miniband  width  Wjj^,  the  value  of  (Pw^/e)  is  10 
mV,  5  mV,  and  10  mV  for  samples  A,B,  and  C.  This  is  lower  than  the  observed 


Vj,  and  would  appear  to  indicate  that  the  low-field  conduction  in  these  samples 
occur  via  sequ>  ntial  tunneling,  so  that  Vj  is  equal  to  Pw^/e,  where  w^,  is  the 
scattering  broalened  width,  and  wj,>w^.  From  the  experimental  values  of  Vj, 
this  would  giva  w^  =  0.6  meV  1.9  meV,  and  1  meV  for  samples  A,  B,  and  C 
respectively.  1  lowever,  further  study  of  the  temperature  dependence  of  the  I-V 
characteristics  suggests  that,  although  sequential  tunneling  is  the  dominant  con¬ 
duction  mech  nism,  at  low  temperatures  and  low  bias  voltages,  there  may  be 
some  miniban  I  conduction  mixed  in.  This  will  be  discussed  in  section  V. 

At  highe;  bias  voltages,  the  I-V  curves  are  dominated  by  the  effect  of  sequen¬ 
tial  tunneling  between  the  first  subband  of  the  M*"**  quantum  well  and  a  higher 
subband  of  he  neighboring  (M+1)*'^  quantum  well,  when  these  subbands  are 
brought  to  tie  same  energy  by  the  applied  bias  potential.  In  the  first  theoretical 
calculations  <  f  this  effect,  Kazarinov  and  Suris  {9j  ass  .  n*  '  that  the  electric  field 
was  uniform  throughout  the  structures.  They  predicted  ‘hat  the  conductance 
would  show  irge  peaks  at  bias  voltages  Vj,  such  that 

eV„=P{E.  -  E,)  (2) 

where  is  ,he  energy  of  the  n*"^  subband  level.  The  recent  results  of  Capasso  et 

al.  [lO],  wh(  measured  the  photoconductivity  of  an  undoped  (n~<X10*‘‘cm~^)  SL 

as  a  function  of  the  bias  voltage,  are  in  good  agreement  with  the  predictions  of 

Kazarinov  md  Suris  [9).  However,  in  our  work,  instead  of  observing  a  single 

NDR  for  I  ch  resonance  of  the  1®*'  to  the  n‘’^  subband,  a  whole  series  of  NDR’s 

were  oV)scr\  ed  which  were  quasiperiodic  in  the  bias  voltage.  This  is  similar  to  the 

early  ni'CLsorements  of  Esaki  and  Chang  [8),  and  to  the  recent  works  of  Choi  et  al. 
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[11]  and  Levine  et  al.  [l]  on  doped  (n  2ilX10*®cm~^  in  the  well)  SL’s.  The 
observed  multiplicity  of  the  NDR’s  in  these  SL’s  is  caused  by  the  non- uniformity 
of  the  electric  field.  At  low  bias,  the  electric  field  in  a  conducting  SL  is  slightly 
different  for  each  period.  This  simply  may  be  due  to  unavoidable  inhomogeneity 
in  the  SL,  as  suggested  by  Esaki  and  Chang  [8|.  However,  even  in  an  ideal  SL, 
the  space  charge  effect  [12]  present  at  any  finite  current  will  cause  each  SL  period 
to  experience  a  different  field,  with  the  period  nearest  to  the  collector  electrode, 
the  Pth  period,  experiencing  the  greatest  field.  As  the  total  applied  bias  voltage  is 
increased  from  zero,  this  period  will  be  the  first  to  break  off  from  the  alignment  of 
the  first  subbands  [11].  Assuming  that  there  is  a  gap  between  the  1®*'  and  the  2“'^ 
subband  of  this  period  is  aligned  with  the  1®*'  subband  of  the  neighboring  period. 
Because  most  of  the  potential  is  now  across  the  period,  the  potential  across 
the  other  periods  (referred  to  as  the  low-field  domain  from  here  on)  is  reduced, 
resulting  in  a  decrease  in  the  current,  and  hence  the  first  NDR.  Further  increase 
in  the  bias  voltage  will  give  rise  first  to  an  increase  in  the  current,  because  of  the 
increased  voltage  drop  across  the  low-field  domain,  but  will  eventually  cause  the 
(P— 1)*^^  period  to  break  off  from  the  1-to-l  subband  alignment,  and  a  second 
NDR  is  observed.  This  process  repeats  at  a  bias  interval  of 

eAV i_2  -  (E2-W2-W1)  (3) 

where  the  w^’s  are  the  widths  of  the  n^^  subbands. 

In  this  simple  model,  the  non-uniform  electric  field  in  the  SL  structure  gives 
rise  to  a  high-field  domain.  As  the  bias  voltage  Is  increased,  the  high-field  domain 
expands  discontinuously  from  the  positive  electrode  by  one  SL  period  for  every 
AVj_2  increase  in  Vj^jgg.  Each  expansion  is  accompanied  by  a  sharp  drop  in  the 
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current,  and  hence  a  large  NDR.  There  should  be  (P-1)  NDR’s  for  a  SL  structure 
with  P  periods. 

The  experimental  data  obtained  in  our  work  agree  qualitatively  with  the 
predictions  of  the  simple  model  outlined  above.  The  quasiperiodic  NDR’s  of  sam¬ 
ples  A,  B,  and  C  occur  at  bias  intervals  of  38  mV,  20  mV  and  39  mV  respectively. 
These  are  in  rough  agreement  with  the  values  of  AVj_2  calculated  from  Eq.  (3), 
which  are  44  mV,  23  mV,  and  53  mV.  The  energy  levels  Ej  and  E2  were  calcu¬ 
lated  from  the  Kronig-Penney  model  using  a  conduction  band  oflfeet  of  220  meV, 
InGaAs  effective  mv  ss  of  O-OdSm^  for  the  I®*'  subbands  of  all  three  samples  and  for 
the  2nd  subband  ot  rample  B  (for  which  both  Ej  and  Eg  are  small).  For  the  2“'^ 
subbands  of  samples  A.  and  C,  the  effect  of  non-parabolicity  was  estimated  using 
Kane’s  model  [13]  with  parameters  Eg  =  789  meV,  spin-orbit  coupling  A  =  360 
meV,  and  band-edge  effective  mass  of  0.041m^,.  The  width  of  the  1®^  subband,  Wj 
is  taken  to  be  eVj/P,  where  Vj  is  the  bias  voltage  at  which  the  first  NDR  occurs. 
The  width  Wg  is  not  known.  For  samples  A  and  C,  since  (Eg— Ej)  is  large  than 
the  LO  phonon  for  InGaAs,  it  is  expected  that  the  largest  contribution  to  Wg  is 
the  relaxation  of  carriers  in  the  2”*^  subband  to  the  ground  subband  via  LO  pho¬ 
non  emission.  Typical  relaxation  times  would  give  a  subband  width  of  ;^0  meV. 
The  value  of  10  meV  was  used  for  Wg  for  samples  A  and  C.  For  sample  B, 
(El— E2)  is  smaller  than  the  LO  phonon  energy,  and  we  have  taken  the  miniband 
width  of  0.2  meV  as  a  lower  limit  on  Wg. 

None  of  the  three  samples  used  exhibit  as  many  as  (P-1)  NDR’s  for  the  tun¬ 
neling  between  a  particular  pair  of  subbands.  Sample  A  comes  closest  with  47 
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and  44  for  the  positive  and  negative  bias  polarity,  as  opposed  to  the  49  expected. 
One  reason  is  that  some  NDR’s  combine  into  one,  so  that  a  doubling  of  the  vol¬ 
tage  interval  between  NDR’s  is  observed.  This  may  be  due  to  inhomogeneity  in  a 
particular  period  in  the  SL,  so  that  for  this  period  the  orderly  formation  of  the 
high-field  domain  due  to  the  space-charge  effect  does  not  occur.  We  also  note  that 
the  amplitude  of  the  NDR’s  decreases  greatly  as  the  current  rises  exponentially  at 
the  high  voltage  end  of  the  NDR  series.  This  may  cause  some  NDR’s  to  be  unob¬ 
servable.  The  reason  for  this,  and  more  generally  for  the  exponential  rise  in 
current,  is  not  understood  at  present  but  is  probably  due  to  the  interplay  between 
the  space-charge  effect  and  the  tunneling  current.  The  amount  of  excess  charge  in 
each  quantum  well  is  proportional  to  the  current  [12].  On  the  other  hand,  the 
electric  field  caused  by  the  space  charge  modifies  the  transmission  probability  of 
each  barrier  and  hence  the  magnitude  of  the  tunneling  current.  In  addition,  the 
space  charge  within  the  well  at  the  boundary  between  the  low-field  and  high-field 
domain  has  to  be  consistent  with  the  difference  of  the  electric  fields  of  these  two 
regions.  As  is  increased,  the  number  of  SL  periods  in  the  low-field  domain  is 
decreased.  The  space-charge  on  the  low-field  domain  side  is  distributed  over  fewer 
SL  periods.  Therefore,  the  transition  between  the  low  field  and  high  field  becomes 
more  abrupt,  and  a  larger  space  charge  is  required  at  the  boundary,  which  implies 
a  larger  current. 

Another  experimental  feature  which  shows  the  need  for  a  more  detailed  theoretical 
model  is  the  repeatable  hysteresis  of  the  I-V  curve,  as  illustrated  in  Fig.  3  for  sam¬ 
ple  A.  Here  we  have  shown  the  full  I-V  curve  for  Within  this  range. 
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there  are  two  series  of  NDR’s  [4].  The  first  corresonds  to  tunneling  between  sub¬ 
bands  1  to  2,  while  the  second  is  for  tunneling  between  1  to  3.  For  both  series, 
the  first  few  NDR’s  in  the  series  exhibit  no  hysteresis.  However,  as  the  high-field 
domain  expands,  the  hysteresis  between  the  curves  of  the  up  sweep  and  down 
sweep  increases  rapidly.  We  can  rule  out  external  series  resistance  as  the  cause, 
since  if  this  were  the  case,  the  hysteresis  would  increase  monotonically  with 
current,  whereas  it  is  observed  to  vanish  at  the  start  of  the  second  series  of 
NDR’s.  For  the  same  reason,  it  is  improbable  that  the  hysteresis  is  due  to  some 
trapping  mechanism.  The  most  probable  explanation  is  the  role  of  the  space- 
charge  effect.  The  hysteresis  is  caused  by  the  space  charge  being  different  depend¬ 
ing  on  whether  the  transition  point  is  approached  from  the  high  current  side  (up 
curve)  or  low  current  side  (down  curve).  Furthermore,  if  a  larger  space  charge  is 
required  at  the  boundary  between  the  two  field  domains  when  the  number  of 
periods  in  the  low  field  domain  is  decreased,  as  discussed  above,  then  this  would 
explain  the  increase  of  the  hysteresis  for  the  latter  NDR’s  in  each  series  as  well  as 
its  disappearance  at  the  start  of  each  series. 

IV.4  Temperature  and  Magnetic  Field  Dependence  of  the  High-field 
Results 

a.  Temperature  Dependence 

Figs.  4(a)  and  4(b)  show  the  I-V  curves  of  sample  A  at  4.2K  and  at  77K 
respectively.  In  the  low  field  region,  the  Ohmic  conductance  increases  by  a  factor 
of  2.5  as  the  temperature  is  decreased  from  77K  to  4.2K.  At  higher  bias  the  first 
series  of  NDR’s,  which  corresponds  to  the  tunneling  from  the  I®*"  to  the  2“*^ 
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subband,  exhibits  several  differences  between  the  two  temperatures.  Although  the 
average  current  is  the  same,  showing  that  thermionic  emission  is  still  negligible  at 
77K,  the  amplitude  of  the  current  variation  at  each  NDR  is  greatly  increased  by 
lowering  the  temperature  to  4.2K.  Fig.  4(c)  shows  this  on  enlarged  scales.  We 
obsesrve  empirically  that  the  increase  in  the  current  variation  is  due  both  to  an 
increase  in  the  conductance  (by  a  factor  of  3),  and  to  an  increase  in  AVj_2  from 
28  meV  at  77K  to  38  meV  at  4.2K.  At  even  higher  bias,  the  second  series  of 
NDR’s,  which  corresponds  to  the  tunneling  from  the  1®^  to  the  3’^'^  subband,  shows 
no  strong  variation  with  temperature.  The  period  in  the  bias  voltage  for  the 
second  series  is  59  meV  at  both  temperatures,  in  fair  agreement  with  the 
estimated  theoretical  value  of  54  meV,  which  is  the  energy  gap  between  the  2“*^ 
and  subband  (Eq.  3). 

As  discussed  in  section  III,  the  positive  conductance  in  the  voltage  range  of 
the  NDR  series  is  expected  to  be  controlled  by  the  conductance  of  the  low-field 
domain.  For  the  first  series  of  NDR’s,  the  low- field  domain  conductance  is  the 
same  as  the  conductance  of  the  whole  SL  at  very  low  bias,  i.e.,  in  the  ohmic  con¬ 
duction  region.  Therefore,  we  can  understand  the  three-fold  increase  of  the  con¬ 
ductance  in  the  first  NDR  series  as  being  a  reflection  of  the  similar  increase  in  the 
ohmic  conductance.  In  contrast,  for  the  second  NDR  series  the  conduction  in  the 
low-field  domain  is  by  sequential  tunneling  between  the  1®^  and  the  2““^  subband. 
This  tunneling  conduction  should  be  nearly  temperature-independent,  so  that  the 
conductance  of  the  whole  SL  in  this  bias  voltage  range  is  also  temperature- 


independent. 
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Secondly,  the  difference  in  the  temperature  dependence  of  the  bias  voltage 
period  for  the  two  series  of  NDR’s  may  be  explained  by  the  different  temperature 
dependence  of  the  subband  widths  involved.  For  the  ground  subband,  it  is 
expected  that  the  subband  width  Wj  decreases  with  temperature  because  of 
reduced  phonon  scattering.  The  decrease  in  Wj  would  result  in  an  increase  of 
AV i_2  (Eq.  3).  In  contrast,  the  widths  of  the  higher  subbands  are  dominated  by 
the  effect  of  the  lifetime  due  to  the  relaxation  to  the  ground  subband  via  LO  pho¬ 
non  emission,  and  by  the  effects  of  inhomogeneities  such  as  monolayer  fluctua¬ 
tions.  Both  these  effects  are  independent  of  temperature,  and  they  mask  the  tem¬ 
perature  dependence  of  the  phonon  scattering  contribution  to  the  total  subband 
width.  Since  the  widths  of  the  2“*^  and  subbands  do  not  vary  with  tempera¬ 
ture,  the  energy  gap  between  these  two  subbands  which  determines  the  period  of 
the  bias  voltage  of  the  second  NDR  series  are  also  independent  of  temperature. 

b.  The  Effect  of  a  Parallel  Magnetic  Field 

With  the  magnetic  field  in  the  direction  parallel  to  the  layers  of  the  superlat¬ 
tice  (i.e.,  perpendicular  to  the  current  direction)  the  I-V  curve  exhibits  many 
changes.  The  main  features  of  the  magnetic-field  dependence  can  be  explained  by 
two  physical  effects.  Firstly,  the  change  in  the  momentum  due  to  the  Lorentz 
force  leads  to  the  disappearance  of  the  NDR’s  with  increasing  magnetic  field. 
Secondly,  the  localization  of  carriers  by  their  cyclotron  orbits  leads  to  an  exponen¬ 
tial  decrease  of  the  conductance  at  high  magnetic  field.  These  effects  can  be  seen 
in  Figs.  5(a)  to  5(i),  which  show  the  I-V  curves  for  sample  A  in  the  voltage  range 
of  the  first  NDR  series,  for  magnetic  field  B  up  to  8T. 
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The  effect  of  the  Lorentz  force  can  be  understood  as  follows.  Taking  the  z- 
direction  to  be  perpendicular  to  the  plane  of  SL  layers,  so  that  the  tunneling 
current  is  I^,  and  let  the  B-field  be  in  the  y-direction.  For  an  electron  traveling  in 
the  z-direction  with  velocity  v^,  after  time  t  the  Lorentz  force  changes  the 
electron’s  momentum  in  the  x-direction  hk^  by 

A(lik,j)  =  (ev2By)t  =  eL,By  (4) 

where  =  v^t  is  the  distance  traveled  in  the  z-direction. 

For  electrons  which  have  tunneled  from  one  well  to  another,  if  they  initially 
have  wavevector  k,^,  then  after  tunneling  into  the  neighboring  well  their  wavevec- 
tor  is 

k^  X  =  kjj  -h  Ak^  (5) 

where 

Akx  =  eLbBy/lr  (6) 

and  Lb  is  the  barrier  width. 

Thus,  in  magnetic  field  By,  the  condition  for  sequential  tunneling  for  an  elec¬ 
tron  with  energy  E  and  parallel  momentum  of  Me,  and  hky  is  that  there  is  an 
available  state  to  tunnel  into  with  energy  E  and  parallel  momentum  llk'^  and 
hky,  where  hk'  ^  is  given  by  Eqs.  (5)  and  (6).  This  can  be  depicted  graphically  by 
shifting  the  E  vs  k*  dispersion  curve  of  the  initial  quantum  well  (labeled  initial 
states)  from  which  the  electron  tunnels  by  an  amount  Ak^,  given  by  Eq.  (6),  with 
respect  to  the  dispersion  curve  of  the  neighboring  well  (labeled  final  states)  to 
which  the  electron  tunnels.  The  states  for  which  tunneling  is  possible  are  given 
by  the  intersection  of  these  two  dispersion  curves.  This  is  shown  in  Figs.  6(a)  and 


(b).  The  curve  for  the  initial  states  is  drawn  only  for  k^^p,  where  kp  is  the 
Fermi  wavevector.  This  represents  the  initial  states  which  are  occupied.  The 
curves  are  drawn  as  thin  bands  of  states  to  show  the  uncertainty  in  k^  due  to 
scattering.  The  initial  states’  dispersion  curve  has  higher  energy  relative  to  the 
final  states  by  eV^jj^g/P,  the  potential  drop  between  neighboring  wells.  It  is  now 
easy  to  explain  the  disappearance  of  the  NDR’s.  At  zero  and  small  magnetic 
fields,  NDR’s  are  observed  because  as  the  bias  voltage  between  the  two  wells  are 
increased,  the  current  decreases  from  a  finite  value  when  there  is  tunneling 
between  the  ground  subbands,  to  zero  when  the  initial-state  dispersion  curve  is 
between  the  final-state  dispersion  curves  of  the  ground  and  first  excited  subbands 
(Fig.  6(a)).  Thus,  the  NDR  occurs  because  there  is  a  range  of  voltage  for  which 
there  are  no  states  allowed  for  sequential  tunneling.  As  the  magnetic  field  is 
increased,  for  B>Bo,  the  shift  Ak*  is  large  enough  that  at  any  voltage,  the  initial 
state  dispersion  curve  intersects  with  the  dispersion  curve  of  either  the  first  or 
second  subband,  or  both  (Fig.  6(b)).  Therefore,  there  are  no  NDR  for  B>B(;.  The 
critical  field  Bj.  can  be  calculated  from  the  condition 

fi2/2m(Ak,  -h  kp)2  =  fi2/2m(Ak,  -  kp)^  +  AVj.a  (7) 

where  Ak^  =  eL^Bc/lr  is  the  shift  in  the  dispersion  curve  due  to  B,,.  Assuming  a 

typical  electron  concentration  of  2X10‘^cm''^,  and  taking  the  experimental  value 

of  38  meV  for  AV j.j,  B^,  is  estimated  to  be  6  Tesla,  in  agreement  with  the  data  of 

Fig.  6  which  show  that  all  NDR  structures  disappear  for  B^  Tesla. 

The  second  major  change  in  the  I-V  curve  with  magnetic  field  is  the  decrease 
in  the  conductance.  In  Fig.  7,  the  conductance  at  V^jag  =  0.2V  is  plotted  as  a 
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function  of  the  magnetic  field.  For  B<1  Tesla,  the  conductance  is  constant.  For 

higher  values  of  B,  the  conductance  decreases  rapidly.  For  B>4  Tesla,  it  appears 

to  be  decreasing  exponentially  with  field  as  exp{-0.93  •  B).  We  note  that  at  1 

Tesla,  the  cyclotron  length  is  257A  which  is  almost  exactly  equal  to  the  SL  period 
0 

of  260A  .  Thus,  for  magnetic  fields  larger  than  1  Tesla,  the  cyclotron  length, 
which  is  one  possible  localization  length  for  the  carriers,  becomes  smaller  than  the 
SL  period,  and  the  localization  of  the  carriers  by  the  magnetic  fields  becomes 
effective  and  decreases  the  tunneling  current.  In  the  high  B-field  limit,  calcula¬ 
tions  [14]  show  that  the  tunneling  current  varies  with  B  roughly  as  exp(— Lo/2Lc^), 
where  is  the  weighted  average  tunneling  length  which  it  taken  to  be  the  barrier 
width  Lb,  and  L,.  is  the  cyclotron  length.  For  Lb  =  80A  ,  the  calculations  would 
predict  that  the  current  decreases  as  exp(-5.1  *  B).  The  exponential  behavior  is 
observed,  but  the  measured  exponent  is  nearly  six  times  smaller  than  the 
predicted  value.  The  cause  for  this  discrepancy  is  not  understood  at  present. 

Finally,  Fig.  8  shows  the  increasingly  stronger  dependence  of  the  tunneling 
current  on  the  applied  voltage,  as  the  magnetic  field  is  increased.  This  is  because 
the  shift  Aky,  due  to  the  magnetic  field  is  a  significant  fraction  of  the  Brillouin 
boundary  of  the  SL,  keriiiouin  =  f'®'’  example,  a  8  Tesla,  Ak^  = 

0.8kBjiiioujn.  The  explanation  is  as  follows.  As  the  bias  voltage  is  increased,  the 
intersection  between  the  initial  and  final  dispersion  curves  which  represents  the 
allowed  tunneling  states  moves  towards  the  zone  boundary,  and  the  number  of 
allowed  states  is  increased.  This  increase  in  the  number  of  allowed  states  with 
bias  voltage  provides  an  extra  factor  in  the  voltage-dependence  of  the  current.  As 


the  B-field  is  increased,  Zlk^  is  increased,  the  intersection  of  the  two  dispersion 
curves  moves  nearer  to  the  boundary,  and  the  change  in  the  number  of  allowed 
states  for  a  given  change  in  the  bias  voltage  becomes  correspondingly  larger. 
Thus,  the  total  voltage-dependence  of  the  current  increases  with  magnetic  field. 

c.  The  Effect  of  a  Perpendicular  Magnetic  Field 

It  is  expected  that  an  applied  B-field  in  the  direction  perpendicular  to  the  lat¬ 
tice  layers  would  have  little  effect  on  the  tunneling  conduction.  Figs.  9(a)  and  (b) 
show  the  behavior  of  the  first  NDR  series  in  a  perpendicular  magnetic  field  up  to 
8T.  In  comparison  with  the  effect  of  the  parallel  B-field,  there  is  little  change  in 
the  I-V  curve.  All  the  NDR’s  are  still  present  at  the  highest  B-field.  The  only 
change  is  a  slight  increase  in  the  average  current  as  the  field  is  raised  to  8  Tesla. 
This  increase  Is  similar,  although  smaller  than,  the  increase  observed  when  the 
parallel  magnetic  field  was  increased  to  1  Tesla.  It  is  probably  due  to  a  slight 
misalignment  of  the  sample  with  respect  to  the  field  direction,  so  that  there  is  a 
small  parallel  field  component  present  at  the  highest  nominally  perpendicular 
applied  field. 

ni.5  Temperature  and  Magnetic  Field  Dependence  of  the  Low-field 
Results 

a.  Temperature  Dependence 

In  the  low-field  region,  the  transport  mechanisms  are;  phone-assisted  tunnel¬ 
ing  (hopping),  thermal  emission  over  the  barriers,  sequential  tunneling,  impurity- 
assisted  tunneling,  and  miniband  conduction.  The  first  two  conduction 
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mechanisms  decrease  rapidly  with  temperature  and  are  generally  negligible  below 
liquid  nitrogen  temperature.  The  next  two  mechanisms  are  temperature- 
independent  if  the  temperature  dependence  of  the  Fermi  level  can  be  neglected, 
which  is  the  case  for  2-D  structures  with  typical  electron  concentrations.  In  con¬ 
trast,  with  the  metallic-type  conduction  of  minibands,  the  mobility  is  expected  to 
increase  with  decreasing  temperature,  leading  to  an  increase  in  the  conduction. 

The  temperature  dependence  of  the  low-field.  Ohmic  conduction  of  samples 
A,  B,  and  C  are  shown  in  Fig.  10.  It  is  clear  from  Fig.  10  that  the  behavior  of 
sample  C  is  qualitatively  different  from  the  other  two,  despite  the  fact  that  the 
high-field  data  for  the  three  samples  are  quite  similar.  The  low-field  conductance 
of  sample  C  decreases  with  decreasing  temperature  from  300K  to  IlOK,  and 
remains  constant  for  temperatures  down  to  4.2K.  The  initial  decrease  in  the  con¬ 
ductance  is  due  to  the  decrease  of  the  thermionic  emission  and  hopping  contribu¬ 
tions.  For  T  <  IlOK,  these  contributions  are  negligible,  and  the  conduction  is 
dominated  by  the  sequential  tunneling  mechanism  which  is  temperature- 
independent  in  this  range  of  temperature.  In  contrast,  both  samples  A  and  B 
show  a  minimum  in  the  conductance  at  ~  IlOK.  Below  this  temperature,  the 
conductance  shows  a  large  increase  with  decreasing  temperature.  For  sample  A, 
there  is  a  three-fold  increase  of  the  conductance  from  IlOK  to  4.2K.  We  attribute 
this  remarkable  behavior  to  the  presence  at  low  temperature  of  some  miniband 
conduction  mixed  in  with  the  sequential  tunneling  conduction. 

Initially,  it  was  not  expected  that  these  devices  would  show  any  miniband 
conduction  because  the  80A  barriers  give  rise  to  small  miniband  widths  of  less 
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than  0.2  meV  for  the  lowest  miniband.  As  discussed  in  section  III,  this  implies 
that  the  broadening  by  inhomogeneity  and  by  scattering  has  to  be  less  than  0.2 
meV  for  miniband  conduction  to  occur,  which  does  not  seem  likely.  However,  at 
low  temperatures  where  phonon  scattering  becomes  negligible,  the  main  hindrance 
to  miniband  conduction  is  the  Anderson-type  localization  by  the  potential  fluctua¬ 
tions  due  to  inhomogeneity  in  the  sample,  such  as  monolayer  fluctuations  at  the 
interfaces.  This  type  of  localization  gives  rise  to  a  broadened  energy  band  where 
the  states  in  the  low  and  high  energy  tails  are  localized,  and  there  is  a  narrow 
range  of  energy  at  the  center  of  the  band  where  the  states  are  extended.  For  the 
following  discussion  the  important  consequence  of  this  model  is  that  there  is  a 
critical  energy  above  which  carriers  can  travel  freely  through  the  superlattice,  i.e., 
miniband  conduction  is  possible  for  carriers  with  high  enough  energy.  It  is  thus 
possible  that  below  120K,  as  the  phonon  scattering  decreases  and  Anderson  locali¬ 
zation  becomes  the  main  hindrance  to  metallic  conduction,  an  increasing,  though 
small,  fraction  of  the  electrons  which  have  energies  above  this  critical  energy  are 
showing  minlband  conduction.  These  electrons  would  have  a  large  effect  on  the 
total  conduction  because  their  mobility  is  expected  to  be  several  orders  of  magni¬ 
tude  larger  than  the  effective  mobility  of  sequential  tunneling.  Assuming  that  the 
relevant  miniband  effective  mass  is  similar  to  that  of  the  bulk,  the  mobility  of  the 
miniband-conduction  electrons  should  be  approximately  that  of  the  bulk  materi¬ 
als,  which  is  ~50C)0cm^V"*s~*.  From  the  measured  conductance,  the  effective 
mobility  for  sample  A  at  4.2K  is  2.3cm^“*s"*.  This  low  average  mobility  is  typ¬ 
ical  of  sequential  tunneling,  and  shows  that  the  conduction  is  dominated  by 
sequential  tunneling  even  at  low  temperature.  For  example,  Choi  et  al,  [11) 
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measured  the  mobility  at  5K  for  sequential  tunneling  to  be  0.12cm^“-s— 1.  On 
the  other  hand,  the  much  higher  mobility  of  miniband  conduction  makes  it  feasi¬ 
ble  that  the  increase  in  the  small  number  of  electrons  participating  in  miniband 
conduction  could  account  for  the  increase  in  the  total  conductance  as  the  tempera¬ 
ture  is  decreased.  This  effect  becomes  more  pronounced  as  the  mobility  of  the 
metallic-like  miniband  conduction  increases  with  decreasing  temperature. 

b.  The  Effect  of  a  Parallel  Magnetic  Field  at  Low  Tennperature 

The  magnetic-field  dependence  of  the  low-field  resistance  for  temperature 
below  4.2K  is  shown  in  Figs.  11(a)  and  (b).  In  this  low  temperature  range,  the  I- 
V  curve  in  the  low-field  region  is  no  longer  Ohmic,  with  the  conductance  increas¬ 
ing  with  applied  bias  voltage.  The  solid  curves  show  the  resistance  as  a  function 
of  the  parallel  magnetic  field  at  1  mV  for  different  temperatures.  At  low  B-field, 
the  device  shows  a  negative  magnetoresistance  which  becomes  more  pronounced  as 
the  temperature  is  decreased  below  4.2K,  both  in  absolute  magnitude  (Fig.  11(a)) 
and  as  a  percentage  of  the  zero-field  resistance  (Fig.  11(b)).  For  B  0.15  Tesla, 
the  magnetoresistance  is  positive,  and  is  again  larger  for  the  lower  temperatures. 
The  set  of  dotted  curves  shows  the  magnetoresistance  at  0.3K  for  bias  voltages  of 
1  mV,  5  mV,  10  mV,  and  15  mV.  The  corresponding  values  of  eV^jjag/P,  which  is 
the  energy  gained  by  the  carriers  in  tunneling  across  each  SL  period,  are  0.2K, 
1.2K,  2.3K,  and  3.5K.  A  comparison  of  the  solid  and  dotted  curves  in  both  Figs. 
11(a)  and  (b)  show  that  there  is  a  remarkable  similarity  between  the  magne¬ 
toresistance  curve  obtained  a  1  mV  and  sample  temperature  T,,  and  the  curve 
obtained  at  Tg  =  0.3K  and  Vj„ag  such  that  the  energy  gained  per  SL  period  is 
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~Ts.  At  {)( esent,  we  are  not  aware  of  any  appropriate  theoretical  calculations  on 
the  magiu  i  .resistance  of  the  tunneling  transport  in  the  low  B-field  range.  We  are 
currently  w  irking  on  this  problem  in  order  to  analyze  these  data,  in  particular  the 
large  negat  ve  magnetoresistance  seen,  and  the  correspondence  between  the  solid 
and  dotted  curves. 

ni.6  Con^tlusion 

In  th  i  study  of  InGaAs-InP  superlattices,  we  have  observed  that,  similar  to 
the  Ga  As  AlGaAs  superlattices,  the  perpendicular  transport  shows  an  Ohmic 
behavi.  low  field  and  a  series  of  quasiperiodic  NDR  structures  at  high  field. 
The  high  deld  behavior  is  caused  by  the  formation  of  a  high-field  domain  within 
the  super;  attice.  This  domain  formation  is  probably  initiated  by  the  electric  field 
due  to  tl,  t  space  charge  accumulated  at  finite  current.  The  NDR  series  which  is 
caused  u  this  domain  formation  disappears  at  high  parallel  magnetic  field  due  to 
the  shift  in  the  momentum  by  the  Lorentz  force.  These  main  points  in  the  under¬ 
stand!  -  of  the  high  field  results  are  well  supported  by  the  experimental  observa¬ 
tions.  I  lowever,  more  theoretical  work  is  needed  to  clarify  the  role  of  the  space 
charg'  feet  in  the  sequential  tunneling  conduction.  In  particular,  the  dependence 
of  th<  I  erage  current  and  of  the  hysteresis  on  the  spatial  extent  of  the  high-field 
dom:  i  are  not  well  understood  at  present.  In  addition,  the  temperature  depen- 
denc--  the  low  field  Ohmic  conductance  appears  to  indicate  the  present  of  some 
mini!  d  conduction  mixed  in  with  the  dominant  sequential  tunneling  conduc¬ 
tion.  spite  the  large  superlattice  periods  of  these  devices.  Further  theoretical 
work  needed  to  interpret  the  low  field  results  especially  regarding  its  magnetic 
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1;  The  schematic  diagram  of  the  superlanice  devices  used  in  this  study 

of  the  transport  in  the  direction  perpendicular  to  the  plane  of  the 
superlattice  layen.  The  well  width  is  180A,  300A,  and  ISOA  for 
samples  A,  B,  and  C  respectively. 
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Figure  2: 


Curves  (a),  (b),  and  (c)  show  the  I-V  characteristics  at  4.2K  for 
samples  A,  B,  and  C  respectively.  All  three  samples  show  an  ohmic 
conduction  region  at  low  bias  voltage,  and  a  series  of  quasiperiodic 
NDR’s  at  higher  bias. 
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The  full  I'V  characteristics  of  sample  A  at  4.2K«  showing  two  series 
of  NDR’s.  The  tint  series  corresponds  to  sequential  tunneling  from 
the  ground  subband  of  one  well  to  the  2"^  subband  of  the 
neighboring  well.  The  second  series  of  NDR’s  corresponds  to 
tunneling  from  the  ground  subband  to  the  3"*  subband.  The  solid 
curve  is  the  trace  obtained  when  the  bias  voltage  is  swept  up.  The 
dotted  curve  is  for  the  down  sweep.  We  note  that  the  hysteresis 
between  the  two  curves  vanish  at  the  start  of  each  of  the  two  series 
of  NDR’s. 
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The  I-V  characterisdcs  of  sample  A  at  (A)  4.2K  and  (B)  77K.  These 
show  large  differences  for  the  fint  series  of  NDR’s,  but  very  little 
for  the  second  series.  The  inset  (Q  shows  a  portion  of  the  first  NDR 
series  in  greater  details,  with  the  upper  curve  being  the  4.2K  results, 
and  the  lower  curve  the  77K  results. 
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Figure  S: 


The  magnetic  field 
sample  A  at  4.2K.  ( 
Tesla,  with  1  Tesla 


t  series  of  NDR’s  for 
the  results  from  0  to  8 
curve. 
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Figure  6:  Schematic  diagrams  of  the  E  vs  k,  dispersion  curves  are  shown. 

For  the  initial  states  fn)m  which  the  canien  tunnel,  only  the  states 
with  momentum  less  than  or  equal  to  the  Fermi  wavevector  are 
shown.  For  the  final  states,  the  dispenion  curves  of  both  the  first 
and  second  subbands  are  shown.  Figure  6(a)  depicts  the  situation 
when  diere  is  no  magnetic  field  applied,  or  only  a  small  field.  At  the 
bi^  voltage  shown,  there  are  no  intersection  between  the  initial  and 
final  states  curves.  Thus  there  are  no  states  available  for  resonant 
tunneling,  and  an  NDR  feature  should  be  observed  at  this  bias.  In 
Fig.  6(b),  there  is  a  large  parallel  magnetic  field  which  shifts  the 
initial  states*  dispersion  curve  by  Ak,.  The  dispenion  curves  now 
intersect,  and  no  NDR  is  observed. 
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Figure  8: 


Ln  (V/Vo) 


Ln  (I/Io)  vs  Ln  (V/Vq)  is  plotted  for  several  magnetic  field, 
Rowing  the  increasin^y  non-ohmic  behavior  at  high  B-field.  Iq  and 
Vo  are  arbitrary,  chosen  to  make  the  graphics  clear. 
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Curves  (a)  and  (b)  are  the  I*V  characteristics  of  sample  A  at  4.2  K, 
at  0  and  8  Tesla  respectively,  with  the  magnetic  held  direction 
perpendicular  to  the  plane  of  the  SL  layers. 
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TEMPERATURE ,  K 

10  The  temperature  dependence  of  the  low  field  conductance  of  (a) 
sample  A,  (b)  sample  B,  and  (c)  sample  C.  The  increase  in  the 
conductance  of  samples  A  and  B  at  low  temperatures  may  indicate 
the  increasing  effect  of  miniband  conduction. 


noNOO 


